ABSTRACT. In situ radiocarbon inorganic production and retention pathways are distinct from those of the more commonly used traditional organic/atmospheric 14 C. In addition, a growing number of laboratories are extracting in situ cosmogenic 14 C from quartz, using a variety of analytical techniques. As such, a flexible yet internally consistent set of procedures for data reduction that recognizes the unique nature of the in situ 14 C system is essential for reliable comparison of results among laboratories. This article thus presents a brief data reduction framework that can accommodate differences in both AMS and laboratory analytical techniques.
INTRODUCTION
The short half-life of in situ cosmogenic radiocarbon gives it a unique position in the toolbox of in situ cosmogenic nuclides available for studying surficial processes. As such, the number of applications using in situ cosmogenic 14 C analysis in studies of Late Quaternary geochronology and geomorphology is growing, and more facilities have started to set up in situ 14 C extraction systems.
Extraction of in situ

14
C from quartz typically involves a low-temperature (500-700°C) combustion of a quartz separate to remove atmospheric/organic contaminants, followed by either dissolution with a fluxing agent at 1100°C (e.g. Lifton et al. 2001; Goehring et al. 2014) or degassing via diffusion at >1500°C (e.g. Lifton et al. 2001; Hippe et al. 2009 Hippe et al. , 2013 . Once in situ 14 C has been extracted from a quartz sample, the CO 2 produced is measured at an accelerator mass spectrometry (AMS) facility designed for 14 C measurements. The CO 2 samples are either converted into graphite targets or measured directly in the gaseous phase. Measured results for in situ 14 C analyses have so far been reported from the AMS laboratories in the same way as results from 14 C analyses in organic material, following the general data reduction protocol originally developed for traditional 14 C analyses of organic materials.
As has been recently pointed out by Hippe et al. (2013) , this traditional approach to data reduction and reporting is not appropriate for in situ 14 C due to the different processes responsible for 14 C production in a mineral lattice compared to those applicable for organic material. Hippe et al. (2013) proposed an alternative method for data reduction and presented a calculation solution mainly for those AMS laboratories that measure 14 C in terms of the 14 C/ 12 C ratio in a sample relative to that in the original oxalic acid standard (OX-I). However, other facilities measure 14 C in terms of the new oxalic acid standard (OX-II), and/or the 14 C/ 13 C ratio of the sample and standard. Therefore, building on the approach of Hippe et al. (2013) , this article aims to provide a comprehensive overview of data reduction for deriving in situ 14 C concentrations from AMS data. We briefly review the common steps of 14 C data reduction, which are crucial for the understanding of any 14 C results. We then describe in detail two methods to convert the data obtained by AMS into in situ 14 C concentrations. Finally, we calculate the absolute isotopic ratios of the 14 C standards and recommend a consistent way of reporting in situ 14 C data.
RADIOCARBON DATA REDUCTION
For conventional 14 C dating, laboratories using liquid scintillation counting or proportional gas counting measure the specific activity (A S ) of a sample relative to that of a standard material of
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known specific activity (Stuiver and Polach 1977) . The specific 14 C activity of a sample is proportional to the 14 C/C total ratio (Donahue et al. 1990): isotopic ratios of the radiocarbon standards and recommend a consistent way of reporting in si 50 14 C data. 51 52 RADIOCARBON DATA REDUCTION 53 54
For conventional radiocarbon dating, laboratories using liquid scintillation counting or proport 55 gas counting measure the specific activity (A S ) of a sample relative to that of a standard mater 56 known specific activity (Stuiver and Polach 1977) . The specific 14 C activity of a sample is 57
proportional to the 14 C/C total ratio (Donahue et al. 1990 ): 58 59
A ! = C !" C !" + C !" ! 60 61 However, in situ 14 C measurements rely on AMS measurements that compare the 14 C/ 12 C or 62 14 C/ 13 C ratio of a sample to the corresponding 14 C/ 12 C or 14 C/ 13 C ratio of a standard material. A 63 such, we focus solely on AMS data reduction for the remainder of this paper. While the 14 C/C t 64 ratio of a given sample or standard agrees with its 14 C/ 12 C ratio to ca. 10 -2 (see results of Eqs. ( 65 and (18) below), the 14 C/C total ratio of a sample relative to that of a standard can be approxima 66 by the corresponding ratio of 14 C/ 12 C ratios to better than 10 -4 (Donahue et al., 1990) . Howeve 67 avoid this latter approximation for completeness. 68
Prior to data reporting, measured data are also corrected for the background counting rate of th 69 detection system (if necessary) and for the sample processing blank (e.g., Wacker et al. 2010 ). 70 71
Isotope fractionation correction 72
To account for mass-dependent isotopic fractionation by natural biochemical processes, measu 73 sample ratios are normalized to δ 13 C = -25‰, which is the typical δ 13 C value of wood. For eve 74 sample the δ 13 C is determined from the measured 13 C/ 12 C ratio compared to that of the standar 75 material VPDB (Vienna Peedee Belemnite) (e.g., Coplen, 1994) : 76 77 78 79 80 where the subscript S refers to the sample value, ( 13 C/ 12 C) VPDB = 0.0112372 and δ 13 C VPDB = 0‰ 81 (Craig, 1957) . The fractionation correction of the measured 14 C/ 12 C ratio is then given by: 82 For the 14 C/ 13 C ratio the isotope correction is not squared (Donahue et al. 1990 ): 87 88 Using Eq. (2), both ratios can be related by (Donahue et al. 1990 ): 91 92 C ratio of a standard material. As such, we focus solely on AMS data reduction for the remainder of this article. While the 14 C/C total ratio of a given sample or standard agrees with its 14 C/
12
C ratio to about 10 -2 (see results of Equations 16 and 18 below), the 14 C/C total ratio of a sample relative to that of a standard can be approximated by the corresponding ratio of 14 C/ 12 C ratios to better than 10 -4 (Donahue et al. 1990 ). However, we avoid this latter approximation for completeness.
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Using Eq. (2), both ratios can be related by (Donahue et al. 1990 ): 91 92 A !"# = 13.56 ± 0.07 dpm g C = 0.226 ± 0.001 Bq/g C = 0.95
This corresponds to a specific activity of OX-I (in AD 1950) of (Stuiver 1980 ): 105 106
A !"˗$ !"#$ [!!"] = 14.27 ± 0.07 dpm g = 0.238 ± 0.001 Bq/g (7) 107 108
The specific activity of OX-I measured today and normalized to δ 13 C = -19‰ VPDB is given by A ON 109 (Donahue et al. 1990 ): 110
The absolute specific activity A abs is then calculated from A ON by (Stuiver and Polach 1977) : 113 114
where y is the year of measurement and the decay constant =1.216 × 10 -4 a -1 (equivalent to a 117 mean life of 8223 a) is based on the currently accepted half-life of 5700 ± 30 a (National Nuclear 118 Data Center, Brookhaven National Laboratory, www.nndc.bnl.gov). We note that this differs 119 slightly from the commonly cited half-life of 5730 ± 40 a (Godwin, 1962) , but includes a more 120 recent estimate (Bella et al., 1968) in addition to the three included in the 1962 value (Mann et al., 121 1961; Watt et al., 1961; Olsson, et al., 1962) . 122
As the supply of the OX-I standard has been depleted, it has been replaced by the new oxalic acid 123 standard (OX-II), with a δ 13 C value of -17.8 ‰ (typically normalized to δ 13 C = -25‰ VPDB ). The 124 specific activities of OX-I and OX-II are related by the following (Mann 1983; Stuiver 1983 ): 125 126
This allows calculation of the relationship between the activities of OX-I and OX-II 129 130
Most radiocarbon AMS laboratories report their data in terms of the quantity fraction modern (F,  133 F m , or F 14 C) or the percent of modern carbon (pMC), normalized to δ 13 C = -25‰ VPDB and AD 1950 134 (e.g., Stuiver and Polach 1977; Donahue et al. 1990; Reimer et al. 2004 ): 135 136
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where y is the year of measurement and the decay constant =1.216 × 10 -4 a -1 (equival 117 mean life of 8223 a) is based on the currently accepted half-life of 5700 ± 30 a (Nation 118 Data Center, Brookhaven National Laboratory, www.nndc.bnl.gov). We note that this 119 slightly from the commonly cited half-life of 5730 ± 40 a (Godwin, 1962) , but include 120 recent estimate (Bella et al., 1968) in addition to the three included in the 1962 value (M 121 1961; Watt et al., 1961; Olsson, et al., 1962) . Donahue et al. 1990; Reimer et al. 2004 ): 137 138 where A SN is the measured sample activity normalized to δ 13 C = -25‰ VPDB and AD 1950. For the 139 A SN /A ON ratio the symbol 14 a N has also been used (Mook and van der Plicht 1999) . Note that 140 instead of the pMC sometimes also the term 'absolute' percent modern (pM) is used, which is 141 defined by Stuiver and Polach (1977) as: For in situ 14 C dating, AMS-measured ratios need to be converted to a 14 C concentration in atoms 149 -1 (12) where A SN is the measured sample activity normalized to δ 13 C = -25‰ VPDB and AD 1950. For the A SN /A ON ratio, the symbol
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of the pMC sometimes also the term "absolute" percent modern (pM) is used, which is defined by Stuiver and Polach (1977) as: 137 138 where A SN is the measured sample activity normalized to δ 13 C = -25‰ VPDB and AD 1950. For the 139 A SN /A ON ratio the symbol 14 a N has also been used (Mook and van der Plicht 1999) . Note that 140 instead of the pMC sometimes also the term 'absolute' percent modern (pM) is used, which is 141 defined by Stuiver and Polach (1977) as: C production pathway is not affected by biochemical fractionation processes or anthropogenic changes to atmospheric 14 C, the typical δ 13 C correction to -25‰ VPDB and the normalization to AD 1950 are not meaningful for this application (Hippe et al. 2013 ). Thus, these corrections to the measured ratios need to be undone in order to obtain the present-day absolute 14 C/ 12 C or 14 C/ 13 C sample ratio from F m values.
Absolute Standard Isotope Ratios
To derive sample 14 C/C total values from measured F 14 C values, one must first determine the absolute isotopic ratios ( 14 C/ 12 C, 14 C/ 13 C, 14 C/C total ) for both primary oxalic acid standards. Following the approach given in Roberts and Southon (2007), we translate the absolute activity of OX-I into a 14 C/C total ratio by using the atomic weight of OX-I (normalized to δ 13 C = -19‰ VPDB ), calculated from ( 13 C/ 12 C) VPDB by: According to the relation given in Eq. (11), the 14 C/C total of OX-II can be derived by: 179 180 137 138 where A SN is the measured sample activity normalized to δ 13 C = -25‰ VPDB and AD 1950. For the 139 A SN /A ON ratio the symbol 14 a N has also been used (Mook and van der Plicht 1999) . Note that 140 instead of the pMC sometimes also the term 'absolute' percent modern (pM) is used, which is 141 defined by Stuiver and Polach (1977) as: According to the relation given in Eq. (11), the 14 C/C total of OX-II can be derived by: 179 180 (15) (National Nuclear Data Center, Brookhaven National Laboratory, www.nndc.bnl.gov). The 14 C/C total of OX-I is then: 137 138 where A SN is the measured sample activity normalized to δ 13 C = -25‰ VPDB and AD 1950. For the 139 A SN /A ON ratio the symbol 14 a N has also been used (Mook and van der Plicht 1999) . Note that 140 instead of the pMC sometimes also the term 'absolute' percent modern (pM) is used, which is 141 defined by Stuiver and Polach (1977) as: The absolute 14 C/ 12 C and 14 C/ 13 C isotope ratios of OX-I are then given by:
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Absolute sample isotope ratios -method I 205 206
Our calculation of a sample's absolute isotope ratio is based on the F 14 C value but is equally 207 applicable to the pMC, the activity or isotope ratios, as shown in Eq. (12) . The absolute 14 C/C total 208 ratio is obtained by substituting Eq. (3) into the numerator of Eq. (12) and replacing the 209 denominator of Eq. (12) by 95% of the absolute ( 14 C/ 12 C) OX-I ratio calculated above. When 210 solving for ( 14 C/C total ) S abs , we obtain for OX-I: 211 212
The relative abundance of 12 C ( 12 C/C total ) in OX-I (Ab12 OX-I ) is given by 215 216
Ab12
while Ab12 S is the 12 C/C total for the sample as determined by the measured sample δ 13 C and Eqs. 219 (14) and (23) (substituting the sample value for the OX-I value). 220 221
The absolute 14 C/ 12 C and 14 C/ 13 C isotope ratios of OX-I are then given by: 184 185 while Ab12 S is the 12 C/C total for the sample as determined by the measured sample δ 13 C and Eqs. 219 (14) and (23) (substituting the sample value for the OX-I value). 220 221 (21) with ( 13 C/ 12 C) OX-II [-17 .8] = 0.0110372 derived from Equation 14 but normalized to δ 13 C = -17.8‰ VPDB . Uncertainties on the absolute standard ratios calculated in Equations 16-21 are defined by the uncertainties given for the absolute standard activity (Equation 6), the ( 13 C/ 12 C) VPDB (Craig 1957; Gonfiantini et al. 1995) , and the 14 C half-life (National Nuclear Data Center, Brookhaven National Laboratory, www.nndc.bnl.gov).
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and 263 With the absolute 14 C/C total sample ratios calculated above, the in situ 14 C concentration of a sample 271 (N 14 ) is calculated by (Lifton et al. 2001; Hippe et al. 2013 ): 272 273 given, as well as the measured δ 13 C of the sample. One should also specify which radiocarbon 290 standard was measured (or both) and which half-life was used to calculate the absolute isotope 291 ratios. To convert these ratios into a 14 C concentration, the CO 2 sample size as well as the mass of 292 the quartz sample has to be known. The amount of CO 2 can be given either in µg of carbon or as 293 the volume of the collected CO 2 V S in cc STP. 294 295 (29) where S N indicates fully normalized sample isotopic ratios. Propagated uncertainties for these values should include the individual uncertainties noted above.
C Concentrations
With the absolute 14 C/C total sample ratios calculated above, the in situ 14 C concentration of a sample (N 14 ) is calculated by (Lifton et al. 2001; Hippe et al. 2013 To facilitate inter-laboratory comparisons and allow the recalculation of publish 285 we suggest that in situ 14 C concentrations should be reported with all basic isoto 286 data necessary to calculate the concentration of a given sample. This should incl 287 stable isotopic data and all supplementary information required to calculate abso 288 isotopic ratios. Thus, either the F 14 C or the pMC with the corresponding uncerta 289
given, as well as the measured δ 13 C of the sample. One should also specify whic 290 standard was measured (or both) and which half-life was used to calculate the ab 291 ratios. To convert these ratios into a 14 C concentration, the CO 2 sample size as w 292 the quartz sample has to be known. The amount of CO 2 can be given either in µg 293 the volume of the collected CO 2 V S in cc STP. 294 295 (30) where V S is the volume of collected CO 2 at STP (defined as 760 torr pressure at 273.15 K), V A is the volume of 1 mole CO 2 at STP, B is the number of 14 C atoms of the corresponding processing blank (not to be mistaken with the AMS measurement background), and M is the mass of the quartz sample. The uncertainty of the 14 C concentration is given by (e.g. Lifton 1997):
factors will already have been folded into the reported ratios. In this 258 case, the appropriate equations for end users for measurements of 14 C/ 12 C and 14 C/ 13 C, respectively, 259 are: 260 261 To facilitate inter-laboratory comparisons and allow the recalculation of published in situ 14 C data, 285
we suggest that in situ 14 C concentrations should be reported with all basic isotopic and analytical 286 data necessary to calculate the concentration of a given sample. This should include AMS and 287 stable isotopic data and all supplementary information required to calculate absolute sample C 288 isotopic ratios. Thus, either the F 14 C or the pMC with the corresponding uncertainties should be 289
given, as well as the measured δ 13 C of the sample. One should also specify which radiocarbon 290 standard was measured (or both) and which half-life was used to calculate the absolute isotope 291 ratios. To convert these ratios into a 14 C concentration, the CO 2 sample size as well as the mass of 292 the quartz sample has to be known. C data, we suggest that in situ 14 C concentrations should be reported with all basic isotopic and analytical data necessary to calculate the concentration of a given sample. This should include AMS and stable isotopic data and all supplementary information required to calculate absolute sample C isotopic ratios. Thus, either the F 14 C or the pMC with the corresponding uncertainties should be given, as well as the measured δ 13 C of the sample. One should also specify which 14 C standard was measured (or both) and which half-life was used to calculate the absolute isotope ratios. To convert these ratios into a 14 C concentration, the CO 2 sample size as well as the mass of the quartz sample has to be known. The amount of CO 2 can be given either in μg of carbon or as the volume of the collected CO 2 V S in cc STP.
CONCLUSIONS
Given the differences in published extraction methods for in situ 14 C (e.g. Lal and Jull 1994; Lifton et al. 2001; Hippe et al. 2013) , the use of internally consistent data reduction methods as presented here is crucial to enable quantitative comparisons of these analytical techniques. Beyond such methodological comparisons, these data reduction procedures will also allow better consistency in the results of the growing number of in situ 14 C applications in Quaternary Earth surface sciences.
